The potential alkali-silica reactivity (ASR) of various combinations of Portland-composite cements CEM II/A, and Lithuanian aggregates from three gravel deposits are investigated in this work. These aggregates which contain about (2 -4 %) reactive siliceous rocks (mostly rapid reacting opal and slower reacting flint) could possibly be assigned to Class II-S (potentially alkali-reactive). Two indicators were used to assess the effectiveness of the supplementary cementing materials (SCMs) -slag (S), fly ash (FA) and burnt shale, which are present up to 20 % in the cement: the expansion of the mortar specimens in a hot alkali solution and the intensity of the ASR-caused surface damage in the warm humid environment (60 °C and 100 % RH). The presence of S (~15 %) and FA (10 %, 15 %, 20 %) in the cements decreases the expansion, but no mitigating effect (in the case of S) or even a stimulating effect (in the case
INTRODUCTION
The alkali-silica reaction (ASR) is one of the most harmful processes that has a damaging effect on concrete structures. Although this harmful process and ASR prevention has been investigated for more than seven decades, a great number of ASR inducing factors, such as the variety of the globally available aggregates and binder types, the different structure of the reactive minerals, their amount and distribution in the aggregates, the environment specifics, etc. cause a lot of uncertainties or even contradictions. ASR is a family of related reactions that affects different rock types in different ways [1] [2] [3] [4] [5] and, accordingly, each region developed a test and preventive measures for the avoidance of these damaging reactions appropriate to its own geology and experience [6] [7] [8] . Three successive RILEM Technical Committees had made great efforts in developing harmonised and globally applied test methods and specifications for the avoidance of damaging ASR [9, 10] . A comprehensive set of test methods and specifications are published as RILEM Recommendations and Reports. The European Committee for Standardisation document CEN/TR 16349 [11] , which is partly based on the RILEM recommendations, presents the following precautionary measures when a reactive (deleterious) aggregate is used:
• limiting the effective alkali content in the cement and concrete;
• use of supplementary cementing materials (fly ash, slag, etc.) in the cement or as an addition;
• verification of the suitability of a concrete mix in a performance test.
The concrete aggregates from the Lithuania gravel deposits contain about (2 -4 %) reactive silica minerals, mostly rapid reacting opal and a slower reacting cryptocrystalline quartz mineral (flint) [12] [13] [14] . The reactivity tests with aggregates from different Lithuanian regions [13] conducted in accordance with the RILEM AAR-2.2 method showed that the majority of the investigated aggregates could possibly be attributed to Class II-S according to the RILEM AAR-0 requirements (potentially alkali-reactive) [15] and their expansion values are most often close to the lower limit value. Although these values demonstrate the relatively low reactivity of the aggregates, ASR was found to be very common in the structures made of concrete containing these aggregates before the introduction of the preventive measures. The low expansion of the specimens with similar type reactive aggregates (gravel with flint) in the AAR-2 test has also been shown in tests carried out according to the framework of the EU project PARTNER [7] . No total failure of a structure, such as the collapse of a building, was recorded though in Lithuania. The most common symptoms of the deleterious ASR in structures with Lithuanian aggregates are pop-outs, alkali-silica gel stains, spalling and cracking. These ASR processes cause serviceability problems, and promote other deterioration mechanisms such as freezethaw damage or sulphate attack. The ASR phenomena almost disappeared with the introduction of the preventive measures (limiting the alkali content in the Portland cement CEM I and Portland-composite cement CEM II (≤ 0.8 %) and of the concrete (3.0 kg·m -3 and 4.0 kg·m -3 according to environmental category), except for the occasional occurrence of ASR in structures operated in an E3 environment (according to CEN/TR 16349)). These preventive measures were mainly based on the results of experimental tests (laboratory and in field) with plain Portland cement CEM I. No exhaustive research has been undertaken into the change in resistance to ASR of the structures made from Portland composite cement CEM II/A which can contain up to 20 % supplementary cementing materials (SCMs). The CEM II/B type is not used in Lithuania.
The mitigating effect of the SCMs, particularly fly ash and slag, is well known and has been extensively studied [16] [17] [18] [19] [20] . Due to the pozzolanic reaction, SCMs reduce the alkalinity of the pore solution by consuming OH -and binding the alkali, consuming portlandite and reducing the permeability of the concrete [5, 16, 19, [21] [22] [23] . According to the ASR model proposed by [18] , a sufficient amount of fine siliceous admixtures in concrete prevent the formation of a tight reaction rim of calcium alkali silicate around the aggregate particles by absorbing all Ca 2+ ions. A comprehensive review of the result for the effect of the SCMs on ASR was made by M. Thomas [16] . It is concluded that SCMs are an effective means for controlling the expansion due to the ASR and the necessary level of SCM replacement increases with the increasing available alkali from the Portland cement and the other concrete components, the CaO/SiO 2 ratio of the SCM and the reactivity of the aggregates. The fineness of the SCMs is also an important property affecting the pozzolanic activity [21, 24, 28] . S. Chatterjis stated [2] that a small addition of pozzolan of improper grading and the reactivity to a concrete structure may increase expansion. With respect to FA with a higher CaO and alkali content, the low replacement activates the ASR and the "pessimum effect" is present, i.e., the expansion becomes lower instead [1, 22] . For FA with 10 % CaO (the limit value for FA when used for CEM II cement) the pessimum effect often occurs for the replacements around 15 % [25] . Obviously, the effect of the SCMs of CEM II will not necessarily be positive in terms of the ASR.
This paper investigates the effectiveness of the SCMs (granulated blast furnace slag, fly ash, burnt shale) contained in the Portland-composite cement CEM II/A (EN 197-1) on mitigating the ASR in cementitious structures with Lithuanian gravel aggregates. The investigations are based on the RILEM Recommended Test Methods and the ASTM C 1567 provisions.
EXPERIMENTAL

Raw materials
Aggregates. Tests were done using aggregates from three Lithuanian gravel quarries (sand 0/4) according EN 13139. Basing on long-term experience in field conditions they can be relatively classified into three reactivity levels: most alkali-reactive from Jurbarkas quarry (code J); moderately alkali-reactive from Kvesai quarry (code K); least alkali-reactive from Rizgonys quarry (code R). The amount of reactive silica minerals in these aggregates was: J -4.38 %; K -4.11 %; R -3.85 %.
Cementitious binders. Factory made Portland cement CEM I and Portland-composite cements CEM II/A (slag and burnt shale) and blended Portland-fly ash cements were used for the tests (Table 1) . Chemical, physical and mechanical properties of cementitious materials used are given in Table 2 .
Methods of testing
The RILEM recommended AAR-2 test method (option AAR-2.2, "short thick" EN specimens, 40 × 40 × × 160 mm) was used to assess the ASR potential of the aggregates [26] . According to this method, the mortar specimens, (the aggregate/cementitious binder ratio was 2.25, the water/cementitious binder ratio was 0.47), hardened under special conditions (1 day in forms at 20 °C in a moisture cabinet and 1 day in water at 80 °C), were stored for 28 days in a 1M NaOH solution at 80 °C and their expansion was regularly measured. The modified ASTM C 1567 [27] method was used to evaluate the effect of the SCMs present in the Portland composite cements CEM II/A, i.e., "short thick" EN specimens were used instead of "long thin" ASTM specimens. The ASTM 1567 and AAR-2 methods, as well as the ASTM 1260 method (also called AMBT methods) are identical; the only difference is that the EN specimens can be used in the AAR-2 test method. The ASR potential of the aggregates and their combinations with different cementitious materials is determined based on the changes in length, i.e., the expansion of the specimens. The critical expansion value below which the aggregates are considered to be very unlikely to be alkali-reactive or their combinations are likely to produce the acceptable expansion for the "long thin" specimens is 0.1 % after storage for 14 days in the alkali solution. For slow reactive aggregates, this value should be lower (0.08 %) or the time of the storage in alkali solution should be longer (21 or 28 days) [9, 15, 22] . The 0.08 % value is also given in [24, 28] , when the efficiency of FA in mitigating the ASR is evaluated. The critical expansion values for the "short thick" specimens have not been finally agreed. The expansion of such specimens is slower compared to the "long thin" specimens and lower expansion values are recorded for a certain time. A number of tests were performed in order to find the ratio of the EN specimen to the ASTM specimen expansion value, however, the obtained values of this ratio vary across a very wide range, primarily due to the variety of the aggregates. In [29] , the ratio of 0.6 is given for values after 14 days of storage, the ratio of 0.54 is given in the previous version of AAR-2 (A-TC 106-2) [30] . Based on the findings of the EU PARTNER research programme [7] , the ratio in the region from 0.75 to 0.80 was suggested, although the spread of values obtained according to the testing programme has been very large. The same range is specified in the RILEM AAR-0 document [15] . A prolonged time in storage is also proposed (21 or 28 days [22, 28] or even 90 days [31] ). The critical expansion value interval between 0.075 % and 0.08 % after 21 days of storage was chosen in our tests to assess the potential ASR. The length comparator E077 (MATEST) with the digital indicator ID-C112B (resolution of 0.001 mm, measuring range of 12.7 mm, accuracy of 0.003 mm, measuring force of 0.9 N) was used to measure the change in the length of the mortar specimens.
The changes in the strength of the specimens stored in the alkali solution for 28 days were also measured. The flexural and compressive strengths of the specimens were determined according to the requirements of standard EN 196-1. The tests were conducted in the powerful testing machine H200KU with a capacity of 200 kN and load measurement accuracy ± 0.5 %.
In order to assess the mitigating effect of the SCMs on the surface deterioration (the prevailing damage of the concrete structures with the Lithuanian aggregates), mortar specimens made according to the AAR-2 requirements and hardened for one day in forms at 20 °C were stored in the ASR intensifying warm and humid environment at 60 °C and 100 % RH (the conditions specified in AAR-4.1 [32] ). Alkali-reactive aggregates J were used in the tests. The specimens were regularly checked for damage and their expansion was also measured. Specimens with plain Portland Cement CEM I were used as reference specimens.
The changes in the hardening structure were investigated by the ultrasonic pulse velocity (UPV) measurement method using a Pundit 7 device (a range from 0.1 to 6553 μs, a resolution of 0.1 μs, the frequency 
where l is the length of the tested mortar specimen (the distance between the cylindrical heads) in m, τ is the time of pulse the spread in μs.
Codes of the specimens
The codes (designation) of the tested mortar specimens consist of the aggregate code (J, K or R, see 2.1) and the code of the cementitious binder ( Table 2) .
RESULTS
Storage in the 1M NaOH solution at 80 °C Expansion Figure 1 shows the progression of the expansion of the specimens during the 28 days when it was tested according to the AAR-2 test methodology. The results show that, after 21 days in storage, the expansion of all the specimens exceeds the critical values specified in the different sources [13, 15, 29] . The biggest expansion was observed in the specimens with aggregate J, whereas the specimens with aggregate R had the smallest expansion. The test results coincide with the known reactivity of these aggregates in the field. When the Portland cement contains 10 % or 15 % FA, the expansion decreases similarly to the PCS15 specimens. The expansion of the specimens made of a Portland cement containing 20 % FA drops significantly and the values (0.050 -0.055 %) after 21 days are much lower than the critical expansion values. The opposite effect is observed when a Portland-burnt shale cement is used: the expansion of the PCT18 specimens is higher when compared to the expansion of the specimens with the plain Portland cement CEM I. It is not excluded that the expansion of PCT18 itself may have a certain effect (see Table 1 ).
Strength and UPV
The changes of these indicators in the specimens with the reactive aggregates depend on two opposite factors: on the one hand, ASR causes destructive processes, on the other hand, hardening of the cementitious binder makes the structure denser and stronger. Therefore, the strength and UPV changes reflect the cumulative effect of these opposite factors; in other words, the changes in strength and UPV illustrate a compromise between the hardening of the structure and its destruction. The obtained results are presented in Table 3 . The change in the compressive strength (R c ) is not an informative indicator for determining the potential ASR in various combinations of the cementitious binder and the aggregates. The gain of this strength is observed in all the combinations and it is not actually related to the aggregate reactivity level and only in two cases is it related to the composition of the cementitious materials: in combination with PCS15, a higher gain of strength (alkaline activation of slag), in combination with CT18, a noticeably lower gain in strength is observed. The flexural strength (R f ) is much more sensitive both to the binders and the aggregates used. In some combinations, with much reactive aggregate (J), the loss in flexural strength is observed (JPC, JPCT18) or it remains stable (JPCFA10, JPCFA15) and, only in the JPCS15 and JPCFA20 combinations, the flexural strength increases, demonstrating a gain similar to that of the compressive strength. Similar trends in the change in the flexural strength are observed in combinations with less reactive aggregates (K, R) and the values of these changes reveal a weaker deleterious effect of the ASR in them. The loss in the flexural strength is observed only in combinations with Portland burnt-shale cement (KPCT18, RPCT18) and this loss is smaller than in the combinations with J aggregates. A gain in the flexural strength (9 %) is observed in the combinations with plain Portland cement (KPC, RPC), although this gain is much smaller when compared to the combinations with the SCMs: KPCS15 (52 %), RPCS15 (41 %) and KPCFA20 (35 %), RPCFA20 (28 %). Table 3 . The changes in the strength and UPV of the specimens after 28 days in storage in a 1M NaOH solution at 80 °C.
The change in strength and UPV (%) -3  +9  +32  -1  +9  +30  +3  PCS15  +45  +48  +11  +52  +51  +14  +41  +72  +9  PCFA10  0  +35  +2  ------PCFA15  +2  +28  +1  ------PCFA20  +30  +37  +3  +35  +30  +6  +28  +23  +7  PCT18 -17 +14 -1 -1 +19 +3 -8 +24 +3 Figure 5 illustrates the relationship between the 28-day flexural strength and the expansion (the values of the specimens with PCS15 are excluded due to its specific hardening in the alkali solution). There is a linear correlation between the expansion and flexural strength (R = 0.95). The statistical regression analysis produced a regression equation, which describes the relationship between the changes in the flexural strength and the expansion (within the range of the obtained experimental test results under the same experimental conditions, standard deviation s x = 5.66 %).
The changes in the UPV is similar to the changes in the flexural strength: the least or even a negative UPV gain is observed in the specimens containing the most reactive aggregate J (except for JPCS15). In the case of the different binders, the UPV gain is either observed in the specimens with PCS15 (9 -14 %), followed by the specimens with CFA20 (3 -7 %). A lower FA content in the binder (specimens JPCFA10 and JPCFA15) reduces the UPV gain (1 % and 2 % respectively). The least or even a negative UPV gain in the specimens with the same aggregate are observed when the PC and PCT18 binders are used.
Storage in the environment of 100 % RH at 60 °C
Surface damage
The majority of the ASR-caused damages visible to the naked eye (pop-outs, silica gel stains, crackings) on the specimens stored in the warm humid environment occurred during the first five weeks. During the next 10 weeks they became more evident and expanded, new spots of ASR damage were few. Later on (the entire storage time was 25 weeks), the appearance of the specimens was almost unchanged. The intensity of the damage on the surface of the specimens with the different aggregates corresponded to the aggregates reactivity when tested according AAR-2 ( Figure 1 ): the specimens with the most reactive J aggregate were the most defected, whereas the specimens with R aggregate were the least defected. The amount and intensity of the surface deterioration in the specimens with the SCMs and the specimens with the plain Portland cement were compared to assess the effectiveness of the SCMs for mitigating the ASR. The generalised results of the visual inspection are presented in Table 4 . Figure 6 illustrates the images of the specimens with the most reactive J aggregate.
It can be seen that the SCMs present in the Portland composite cement have a different effect on the ASR-caused surface damage. 15 % of the slag in the Portland composite cement actually has no mitigating effect for ASR; burnt shale causes more intensive surface damage; for fly ash a "pessimum" effect is observed, i.e., an insufficient amount of FA content in the Portland composite cement (10 % and 15 %) intensifies the damage and the mitigating effect is observed only with an FA content of 20 %. The comparison these results and the results of the tests in the hot alkaline solution (see section "Storage in the 1M NaOH solution at 80 °C") shows that the assessment of the SCMs effect on the ASR is only the same in the cases of PCT18 (stimulating effect) and PCFA20 (mitigating effect). Table 4 . The results of the visual monitoring of the specimens with the different binders, stored at 60 °C and a 100 % RH environment for 15 weeks.
Binder
Damage intensity PC The biggest amount of damage (cracks, big silica gel stains, pop-out) was observed on the specimens with aggregate J. There is much less damage on the specimens with the K and R aggregates, small gel stains are prevailing.
PCS15
The appearance of the specimens with any aggregate is similar to that of the specimens with the plain PC.
PCFA10
The specimens have much more damage and they are more intensively compared to the specimens with the plain PC.
PCFA15
The specimens have much more damage than the specimens with the plain PC, however, there is less damage when compared to the CFA10 specimens.
PCFA20
The specimens have much less damage than the specimens with the plain PC (aggregate J) or no damages at all (aggregate R and some specimens with aggregate K); besides, the existing damage is small (insignificant).
PCT18
In the case of PCS15, the specimens expand less, but the intensity of the surface damage is almost the same as in the specimens with the plain PC, whereas binders PCFA10 and PCFA15 even produce the opposite results: the expansion is lower, but the ASR-caused surface damage is much more intensive compared to the specimens without FA.
Expansion
The specimens of almost all the compositions demonstrated little (not exceeding 0.015 % after 25 weeks) or no expansion in the warm and humid environment. Only the specimens with PCT18 expanded more: after 15 weeks, the expansion of the specimens with J, K and R aggregates was 0.034 %, 0.027 % and 0.016 % and after 25 weeks the expansion was 0.055 %, 0.048 % and 0.034 %, respectively. 
DISCUSSION
The field performance of the investigated aggregates shows that the J aggregate is the most reactive, followed by the less reactive K aggregate and the least reactive R aggregate. The results of the accelerated mortar-bar test (the AAR-2.2 method) are in agreement with field experience: the specimens with the J aggregate demonstrated the biggest expansion and specimens with the R aggregate expanded the least (Figure 1) . The good agreement of the results in the accelerated mortarbar test and known reactivity of the aggregates in the field is also presented in [7, 33] . The SCMs present in the Portland composite cement CEM II have a different effect on the expansion: the slag and fly ash reduce the expansion; the burnt shale increases the expansion. The changes in the flexural strength and UPV of the specimens stored in the 1M NaOH solution for 28 days also show a similar SCM effect on the ASR. A loss in strength was observed in the specimens with the PCT18 binder, the changes in the UPV values are also negative or slightly positive. Whereas the changes in the mentioned values were always positive in specimens with the PCS15 and PCFA binders, i.e., the ASR-caused damage of the hardening structure in these compositions is weaker when compared to its development or there is no damage at all. A higher gain in flexural strength and the UPV in the compositions with CS15 does not mean more effective ASR mitigation by the slag because it is partly caused by the specific hardening of the slag Portland cement (lower early-age strength of the specimens prior to soaking into the alkaline solution due to the slower hardening process) and the further activation of the slag component by the alkali. The negative effect of the burnt shale (big expansion, loss in flexural strength and the UPV in the alkaline solution) is probably caused by the high CaO free content in the shale [34, 35] . A statistical analysis of the results shows a strong linear correlation (R = 0.95) between the expansion values and the changes in the 28-day flexural strength in the AMBT test. While the changes in 28-day compressive strength do not indicate the potential ASR. A number of scientists also state that the compressive strength, particularly at early ages, is not a good indicator for the evaluation of the ASR potential [3, [36] [37] [38] . According to Islam and Ghafoori [3] , the storage time in the alkaline solution should be at least 26 weeks and the change in compressive strength between 4 and 26 weeks should be measured.
Monitoring the damages on the surface of the specimens stored at 60 °C in a 100 % RH environment (in accordance with RILEM AAR-4.1) [32] showed that the results are not always in agreement with the AMBT test results. Only the potential ASR of the different aggregates was equally assessed by both methods: the most significant ASR-caused surface damage and the biggest expansion was observed in the specimens with the J aggregate, whereas the specimens with the R aggregate expanded and were damaged the least. Meanwhile, the potential ASR of the combinations with the different cementitious binders can be different or even the opposite according to the results obtained by using the said test methods. In our tests, the results of the assessment of the expansion and surface damages (the intensity of the surface deterioration) only coincided in the cases of the PCT18 and PCFA20 binders: the specimens with the PCT18 binder experienced bigger expansion and had much more damage, whereas the specimens with PCFA20 experienced little expansion and had less damage when compared to the specimens made of the plain PC (Table 4 , Figures 2-4 and 6) .
Although the presence of slag in the cement (specimens with PCS15) diminished the expansion, it did not reduce the amount of damage. The lower FA content in the binder (10 % and 15 %) diminished the expansion, but intensified the appearance of the ASR-caused damage, especially in cases where the binder contained 10 % FA (Figure 6d ). The intensity of the damage revealed the "pessimum" effect when the FA when used at too low replacement level, which does not mitigate, but even intensifies the ASR induced deterioration. However, no "pessimum" effect was observed in terms of expansion because it is known to pertain to high-lime FA only [24] .
The results of these tests show that the assessment of the ASR mitigating effect of the SCMs present in the CEM II/A cement by expansion in the hot alkaline solution may be imprecise when combinations with aggregates like the Lithuanian gravel (containing impurities of reactive rocks) are tested. The SCMs, such as slag or fly ash, present in the Portland-composite cement CEM II/A reduce the expansion, but fail to prevent or even intensify (in the case of FA) the occurrence of the ASRcaused damage (gel stains, pop-outs and cracks).
CONCLUSIONS
The following conclusions have been drawn from the experimental tests with the Lithuanian aggregates from gravel deposits, which usually contain 3 -4 % of reactive siliceous rocks, and their combinations with Portland-composite cements CEM II/A:
• The tested aggregate reactivity levels determined according to the different indicators (the expansion and changes in the flexural strength in the RILEM AAR-2.2 test, the volume of the surface damage due to ASR at 60 °C and 100 % RH) are distributed in the same sequence and correspond to their known reactivity in the field. All tested aggregates could possibly be assigned to Class II-S.
• The SCMs present in the Portland-composite cement CEM II/A have a different effect on the ASR. Slag and low-lime FA components have a mitigating effect on the ASR in terms of expansion and change in the flexural strength in the accelerated mortar bar test, however, no mitigating effect for the ASR-caused surface damage (silica gel, pop-out, cracking) was observed when the specimens were stored in the warm humid environment. The FA component can even induce the ASR-caused surface damage, e.g., the "pessimum" effect is observed in the specimens containing 10 % and 15 % FA, where the damages are more numerous compared to the specimens made of the plain PC. Only the threshold content (20 %) of FA in the CEM II/A cement is effective, there are almost no damages in such specimens. The burnt shale component (~18 %) has a stimulating effect on the ASR: it increases specimen expansion, it reduces strength and intensifies the ASR-caused surface damage.
• A strong correlation (linear correlation, R = 0.95) between the change in the flexural strength and expansion was observed in the specimens that were made and conditioned under the conditions specified in AAR-2 and stored in the hot alkaline solution for 28 days: with the bigger the expansion, the strength gain is lower or even negative. A regression equation describing the relationship between the changes in the flexural strength and expansion was produced.
